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Abstract	  	  Dead	   plant	   biomass	   represents	   a	  major	   source	   of	   energy	   supporting	   aquatic	   food	  webs.	  Fungal	   communities	   play	   an	   important	   role	   in	  making	   this	   energy	   available	   through	   the	  breakdown	  of	  complex	  plant	  polymers	  via	  hydrolytic	  enzymes.	  The	  objectives	  of	  this	  study	  were	   to	   determine	   (1)	   whether	   aquatic	   fungi	   possess	   cbhI	   genes	   for	   the	   production	   of	  cellobiohydrolase,	  a	  major	  class	  of	  cellulolytic	  enzymes	  present	  in	  terrestrial	  fungi,	  and	  (2)	  to	  examine	  the	  effects	  of	  salinity	  on	  the	  production	  of	  wood	  degrading	  enzymes	  in	  cultures	  of	  aquatic	  fungi	  grown	  in	  vitro.	  Colonies	  of	  seven	  ascomycete	  taxa	  were	  grown	  from	  single	  spore	  isolates	  obtained	  from	  wood	  collected	  along	  a	  freshwater-­‐marine	  salinity	  gradient	  in	  rivers	   on	   Coiba	   Island,	   Panama.	   Primers	   for	   cbhI	  were	   used	   to	   successfully	   amplify	  DNA	  from	  4	  out	  of	  7	  fungal	  cultures	  without	  the	  need	  for	  cloning,	  suggesting	  that	  cbhI	  is	  a	  single-­‐copy	  gene	  in	  Ascomycetes.	  Four	  aquatic	  Ascomycetes,	  cultured	  from	  wood	  from	  the	  same	  sites,	  were	  screened	  for	  their	  ability	  to	  produce	  degradative	  enzymes	  on	  solid	  media	  across	  a	   salinity	   gradient.	   Enzymes	   tested	   were:	   endoglucanase,	   β-­‐glucosidase,	   and	   xylanase.	  Results	  suggested	  that	  salinity	  affects	  growth	  and	  enzyme	  production	  in	  a	  species-­‐specific	  manner.	  Freshwater	  taxa	  grew	  significantly	  faster	  and	  produced	  wood	  degrading	  enzymes	  more	  consistently	   in	   less	  saline	  environments.	   In	  contrast,	  marine	   taxa	  were	  observed	   to	  grow	  across	   a	   range	  of	   salinity	   levels,	   but	  had	   the	  highest	   level	   of	   enzyme	  production	   in	  more	  saline	  environments.	  This	  study	  shows	  that	  aquatic	  ascomycete	   fungi	  share	  at	   least	  some	  of	  the	  enzymatic	  capabilities	  of	  their	  terrestrial	  basidiomycete	  counterparts,	  and	  that	  salinity	   effects	   on	   enzyme	   production	   may	   be	   an	   important	   control	   on	   aquatic	   fungal	  species	  distribution.	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Introduction	  	  Dead	   organic	  matter	   is	   a	   crucial	   source	   of	   energy	   for	   heterotrophs,	   and	   its	   degradation	  strongly	  influences	  ecosystem	  carbon	  storage	  (Bradford	  et	  al.,	  2014).	  However,	  our	  current	  understanding	  of	  controls	  on	  leaf	  litter	  decomposition	  in	  ecosystems	  remains	  much	  greater	  than	   that	   of	   wood	   decomposition,	   which	   accumulates	   in	   ecosystems	   as	   coarse	   woody	  debris	   (CWD).	   This	   is	   significant	   because	   global	   stores	   of	   CWD	   represent	   a	   substantial	  source	  of	  carbon,	  estimated	  at	  73	  +6	  petagrams	  (1015	  grams)	  (Pan	  et	  al.,	  2011).	  In	  order	  for	  
this	  carbon	  to	  become	  available	  to	  heterotrophs	  it	  must	  pass	  through	  the	  dead	  wood	  pool,	  a	  process	   that	   is	   highly	   dependent	   on	   decomposition	   rates,	   making	   wood	   decay	   a	   critical	  ecosystem	  service	  (Bradford	  et	  al.,	  2014;	  Gessner	  et	  al.,	  2010).	  	  While	  controls	  on	  terrestrial	  decomposition	  rates	  are	  the	  subject	  of	  much	  research,	  little	  is	  known	  about	  the	  process	  of	  wood	  decay	  in	  water,	  and	  its	  subsequent	  effects	  on	  foodwebs.	  This	  is	  despite	  the	  fact	  that	  organic	  matter	  arriving	  from	  the	  terrestrial	  environment	  may	  represent	  more	  than	  90%	  of	  the	  energy	  available	  in	  aquatic	  ecosystems	  (Tank	  et	  al.,	  2010).	  In	  terrestrial	  systems,	  climate	  factors	  such	  as	  temperature	  and	  moisture	  are	  recognized	  as	  	  the	   predominant	   controls	   on	   decomposition,	   but	   recent	   work	   suggests	   that	   additional	  local-­‐scale	  factors,	  such	  salinity	  or	  pH,	  may	  also	  play	  a	  large	  role	  in	  determining	  the	  rate	  of	  decomposition	   (Bradford	  et	   al.,	   2014).	  These	   factors	   are	   thought	   to	   affect	  decomposition	  rates	  by	  regulating	  decomposer	  species	  richness	  or	  growth	  response,	  as	  well	  as	  influencing	  microenvironments	  in	  ways	  that	  influence	  the	  establishment	  of	  decomposer	  communities	  (Bradford	  et	  al.,	  2014).	  	  	  In	  CWD,	  energy	  is	  predominately	  stored	  in	  the	  form	  of	  structural	  polymers	  that	  form	  plant	  cell	   walls.	   These	   cells	   walls	   serve	   to	   provide	   rigidity	   to	   cell	   structures,	   counterbalance	  osmotic	   pressure,	   determine	   the	   direction	   of	   growth,	   protect	   against	   pathogens,	   and	  ultimately	  determine	   the	   architecture	  of	   the	  plant	   (Gamuaf	   et	   al.,	   2007).	  These	  walls	   are	  predominantly	   composed	  of	   three	  plant	  polymers:	   cellulose,	  hemicellulose,	   and	   lignin.	  Of	  these,	  cellulose	  is	  the	  most	  abundant	  and	  energy-­‐rich	  structural	  polymer	  and	  is	  estimated	  to	   constitute	   20-­‐60%	   of	   plant	   biomass	   (Edwards,	   2008;	   Stursova,	   2011).	   Cellulose	   is	   a	  highly	   ordered	   homopolysaccharide	   formed	   by	   the	   β	   -­‐1,4-­‐glycosidic	   linkage	   of	   glucose	  subunits	   (Edwards,	   2008).	   Individual	   cellulose	   chains	   are	   further	   linked	   by	   hydrogen	  bonds	  to	  form	  highly	  insoluble	  microfibrils	  (Gamuaf,	  2007).	  Hemicelluloses,	  another	  major	  component	   of	   plant	   cell	   walls,	   are	   estimated	   to	   constitute	   20-­‐40%	   of	   plant	   biomass	  (Raheem,	   2002).	   These	   polymers	   are	   composed	   of	   a	   variety	   of	   structural	   components	  including	  xylans,	  manose,	  and	  other	  structural	  subunits	  (Bucher,	  2004).	  	  	  Fungal	  cellulose	  degradation	  is	  achieved	  by	  a	  diverse	  suite	  of	  enzymes,	  collectively	  termed	  cellulases.	   They	   are	   hydrolytic	   enzymes	   and	   are	   classified	   as:	   a)	   β-­‐1,4-­‐endoglucanases	  (EGL),	  which	  randomly	  cleave	  cellulose	  chains	   internally	   releasing	  new	  terminal	  ends,	  b)	  exo-­‐β-­‐1,4-­‐glucanases	  or	  cellobiohydrolases	  (CBH),	  which	  cleave	  existing	   terminal	  ends	  or	  those	   generated	  by	  EGL,	   c)	   β-­‐glucosidases	   (BGL),	  which	  break	  down	   cellobiose	   releasing	  two	  glucose	  molecules	  (Bucher	  et	  al.,	  2004;	  Gamuaf	  et	  al.,	  2007;	  Horn	  et	  al.,	  2012;	  Perez	  et	  al.,	  2002).	  These	  enzymes	  work	  together	  to	  achieve	  observable	  wood	  decay	  (Figure	  1).	  In	  fungi,	  CBH	  are	  generally	  classified	  based	  on	  their	  amino	  acid	  sequence	   into	  carbohydrate	  enzyme	  (CAZyme)	  families	  which	  include	  GH6,	  GH7,	  and	  GH48	  cellobiohydrolases.	  Of	  these,	  GH7	  cellobiohydrolases	  are	  considered	  to	  be	  exclusively	  found	  in	  fungi	  (Edwards,	  2008).	  	  	  To	  date,	  the	  degradation	  of	  cellulose,	  and	  associated	  enzymes,	  has	  been	  studied	  extensively	  in	   terrestrial	   fungi.	  The	  PCR	  primer	  set	  developed	  by	  Edwards	  has	  successfully	  amplified	  GH7	  cellobiohydrolase	  genes	  and	  has	  been	  used	  to	  examine	  terrestrial	  fungal	  composition,	  abundance,	  and	  the	  activity	  of	  cellulolytic	  enzymes	  in	  soils	  in	  relation	  to	  variation	  in	  habitat	  and	  environmental	   characteristics	   (Edwards,	  2008;	  Weber,	  2012;	  Voriskova	  et	  al.,	  2014).	  
Further	  studies	  have	  shown	  that	  fungi	  that	   lack	  these	  genes	  are	  generally	  not	   involved	  in	  wood	   degradation,	   but	   instead	   form	  mycorrhizal	   associations	  with	   plants	   (Wolfe,	   2012).	  Still,	   a	   largely	   untested	   hypothesis	   is	   that	   similar	   enzymatic	   pathways	   are	   exploited	   by	  terrestrial	   and	   aquatic	   decomposer	   fungi	   species	   despite	   the	   difference	   in	   the	   physical	  environment	  in	  which	  these	  fungi	  occur	  (Bucher,	  2004,	  Luo	  et	  al.,	  2004).	  	  
	  	  
Figure	  1:	  Structure	  of	  cellulose	  (linked	  grey	  polygons),	  with	  the	  activity	  of	  three	  classes	  of	  cellulolytic	  enzymes:	  Cellobiohydrolase	  (CBH),	  β-­‐1,4-­‐endoglucanase	  (EGL),	  and	  β-­‐glucosidase	  (BGL).	  Adapted	  from	  van	  den	  Brink	  and	  de	  Vries	  (2011).	  	  	  Unlike	   terrestrial	   wood	   decomposer	   fungal	   communities	   that	   are	   dominated	   by	  Basidiomycetes,	  aquatic	  fungal	  communities	  are	  composed	  almost	  entirely	  of	  Ascomycetes.	  These	   fungi	  have	  been	  shown	  to	   fill	  a	  critical	  niche	  as	   the	  major	  decomposers	  of	  CWD	  in	  both	   freshwater	   and	   marine	   systems	   (Bucher	   2004;	   Hyde,	   et	   al.,	   1998;	   Simonis,	   2008).	  Historically,	   aquatic	   fungi	   have	   primarily	   been	   studied	   as	   two	  distinct	   ecological	   groups:	  freshwater	   fungi	   and	   marine	   fungi.	   In	   most	   organisms,	   intracellular	   salt	   levels	   are	  maintained	   through	   intracellular	   ion	   homeostasis,	   but	   fungi	   have	   developed	   extrusion	  systems	  to	  keep	  salt	  levels	  below	  toxic	  levels	  (Caracuel	  et	  al.,	  2003).	  In	  nature,	  there	  is	  little	  to	  no	  overlap	  in	  species	  composition	  between	  these	  aquatic	  fungal	  groups,	  but	  studies	  have	  shown	  that	  aquatic	  fungi	  can	  successfully	  grow	  across	  a	  wide	  range	  of	  salinity	  levels	  under	  laboratory	   conditions	   allowing	   them,	   at	   the	   very	   least,	   to	   be	   brackish	   water	   tolerant	  (Pointing	  et	  al.	  1998).	  The	  independent	  study	  of	  marine	  and	  freshwater	  fungi	  has	  therefore	  acted	  to	  limit	  our	  understanding	  of	  the	  environmental	  tolerance	  and	  functional	  ecology	  of	  aquatic	   fungal	   taxa.	   One	   such	   limitation	   pertains	   to	   the	   expression	   of	   fungal	   cellulolytic	  enzymes	  in	  aquatic	  environments.	  	  	  The	   objectives	   of	   this	   study	   were	   to	   determine	   (1)	   whether	   aquatic	   fungi	   possess	   cbhI	  genes	  for	  the	  production	  of	  cellobiohydrolase,	  and	  (2)	  to	  examine	  the	  effects	  of	  salinity	  on	  the	  production	  of	  wood	  degrading	  enzymes	  in	  cultures	  of	  aquatic	  fungi	  grown	  in	  vitro.	  It	  is	  proposed	  that	  successful	  methods	  used	  with	  terrestrial	   fungi	  may	  be	  extended	  to	  aquatic	  fungi.	   Furthermore,	   if	   the	   fungal	   primers	   for	   cbhI	   successfully	   amplify	   genes	   in	   aquatic	  fungi,	  these	  methods	  may	  be	  useful	  in	  the	  identification	  of	  important	  aquatic	  fungal	  species	  involved	  in	  the	  degradation	  of	  CWD	  in	  aquatic	  habitats	  and	  to	  assess	  the	  response	  of	  this	  enzyme	   to	  different	  environmental	  gradients	   in	   future	   studies.	  Lastly,	   it	   is	  predicted	   that	  though	   aquatic	   fungal	   taxa	   may	   be	   capable	   of	   growth	   across	   a	   range	   of	   salinities,	   the	  production	  of	  wood	  degrading	  enzymes	  will	  be	  restricted	  to	  environments	  similar	  to	  that	  in	  which	   they	   naturally	   occur.	   The	   results	   obtained	   will	   allow	   for	   better	   understanding	   of	  
aquatic	   fungi	   research	  methods,	   the	   phylogenetic	   structure	   of	   aquatic	   decomposer	   fungi,	  and	  functional	  gene	  expression	  of	  wood	  degrading	  enzymes.	  	  	  	  
Materials	  &	  Methods	  
	  
Sequencing	  of	  the	  cellobiohydrolase	  gene	  
Study	  site	  and	  sample	  collection	  The	   study	   site	   was	   located	   on	   Coiba	   Island	   National	   Park,	   a	   well-­‐conserved	  marine	   and	  terrestrial	  environment,	  located	  in	  the	  Gulf	  of	  Chiriqui,	  on	  the	  Pacific	  coast	  of	  Panama	  (8°6’	  N,	   82°20’	  W).	   Coiba	   Island	   is	   uninhabited	   and	   covered	   with	   old-­‐growth	   tropical	   forest,	  swamp	   forest,	   and	  mangrove	   forest	   (Figure	   2).	   Three	   rivers,	   the	   Catival	   River,	   the	   Santa	  Cruz	  River	  and	  the	  Playa	  Hermosa	  River,	  run	  through	  Coiba.	  These	  rivers	  are	  similar	  in	  pH,	  nutrient	   content,	   and	  water	   temperature,	  which	   is	   important	   because	   the	  decomposition	  rate	  is	  affected	  by	  stream	  nutrient	  content	  and	  temperature	  (Tank	  et	  al.,	  1993;	  Hyde	  et	  al.,	  1998;	  Methvin	  &	  Suberkroopp,	  2003).	  	  	  	  
	  
	  
Figure	  2:	  Old-­‐growth	  tropical	  forest,	  swamp	  forest,	  and	  mangrove	  forest	  of	  Coiba	  Island	  National	  Park,	  Panama	  (8°6’	  N,	  82°20’	  W).	  	  
Fungal	  collections	  Collections	  used	  in	  this	  study	  were	  part	  of	  a	  decomposition	  study,	  in	  which	  standard	  wood	  samples	   consisting	   of	   3	   cm	   diameter,	   30	   cm	   long	   branch	   sections	   of	   Guazuma	   ulmifolia	  wood	  were	  incubated	  along	  a	  salinity	  gradient	  in	  the	  rivers.	  Wood	  samples	  were	  collected	  after	  3-­‐18	  months	  and	  were	  placed	  in	  moist	  chambers	  consisting	  of	  a	  plastic	  box	  layered	  at	  the	   base	  with	   sterile	   damp	   absorbent	   paper.	   Samples	  were	   examined	   for	   fruiting	   bodies	  immediately	  after	  collection	  using	  a	  compound	  microscope.	  Reproductive	  structures	  were	  measured,	   photographed	   and	   stained	   for	   identification	   (Figure	   3).	   Seven	   cultures	   were	  obtained	   from	   single	   spores	   (Table	   1).	   These	   were	   plated	   on	   antibiotic	   water	   agar,	   and	  transferred	  to	  nutrient	  agars	  (PDA).	  These	  species	  were	  allowed	  to	  grow	  in	  darkness	  at	  25	  
°C	  until	  required	  for	  experimentation.	  	  
Site	   River	   Salinity	   Isolate	   Genus	   cbhI	  Coiba	  National	  Park	   Punta	  Hermosa	   Marine	   AF347-­‐1	   Corollospora	  sp.	   No	  Coiba	  National	  Park	   Punta	  Hermosa	   Brackish	   AF359	   Nectria	  sp.	   No	  	  Coiba	  National	  Park	   Santa	  Cruz	   Marine	   FM026-­‐1	   Lulworthia	  sp.	   No	  Barro	  Colorado	  National	  Monument	  
Lutz	   Freshwater	   R020-­‐1	   Monotosporella	  
rhizoidea	  
Yes	  
Coiba	  National	  Park	   Punta	  Hermosa	   Brackish	   E350-­‐1	   Canalisporium	  kenyense	  	   Yes	  Coiba	  National	  Park	   Catival	   Brackish	   FM034-­‐1	   Lulworthia	  sp.2	   Yes	  Coiba	  National	  Park	   Santa	  Cruz	   Freshwater	   R073-­‐4	   Phaeoisaria	  sp.	   Yes	  
Table	  1:	  Tropical-­‐aquatic	  fungi	  species	  used	  for	  DNA	  extraction,	  PCR	  amplification,	  sequencing,	  phylogenetic	  analysis.	  River	  indicates	  site	  of	  collection,	  salinity	  the	  location	  upstream	  from	  open	  ocean,	  cbhI	  indicates	  the	  presence	  or	  absence	  of	  the	  cbhI	  gene.	  	  	  
Molecular	  Study	  	  Fungal	  mycelia	  were	  scraped	   from	  axenic	   cultures	  grown	  on	  Potato	  Dextrose	  Agar	   (PDA,	  Difco).	   DNA	   was	   extracted	   using	   ZR	   Fungal/Bacterial	   DNA	   MiniPrep™	   kit	   from	   Zymo,	  according	  to	  the	  kit’s	   instructions.	  Fragments	  of	  aquatic	  fungal	  cbhI	  genes	  were	  amplified	  by	   the	   polymerase	   chain	   reaction	   (PCR)	   using	   PureTaq™	   Ready-­‐To-­‐Go	   PCR	   beads	  (Amersham	   Bioscience	   Corp,	   Piscataway,	   NY	  with	   the	   primers	   fungcbhIF	   and	   fungcbhIR	  (Edwards	  et	  al.,	  2008).	  These	  primers	  amplify	   cbhI	  genes	  belonging	   to	   the	  GH7	   family	  of	  fungi	  .	  
	  Primers	  were	  supplied	  by	  Integrated	  DNA	  Technologies	  (Iowa).	  The	  final	  concentration	  of	  different	  reagents	  in	  the	  PCR	  master	  mix	  solution	  were:	  261	  μL	  of	  distilled	  water,	  45	  μL	  of	  DMSO,	   45	   μL	   of	   fungcbh1	   forward	   primer	   (fungcbh1F),	   and	   45	   μL	   of	   fungcbh1	   reverse	  primer	  (fungcbh1R).	  22	  μL	  of	  master	  mix	  and	  3	  μL	  DNA	  were	  combined	  in	  each	  PCR	  sample	  to	  give	  each	  sample	  a	  final	  concentration	  of	  14.5	  μL	  of	  distilled	  water,	  2.5	  μL	  of	  DMSO,	  2.5	  μL	  of	  fungcbh1F	  primer,	  2.5	  μL	  of	  fungcbh1R	  primer,	  and	  3	  μL	  DNA.	  	  Cycling	  conditions	  were:	   initial	  denaturation	  at	  94°C	  for	  3	  min,	   followed	  by	  35	  cycles	   	   	  at	  94°C	  for	  30	  sec,	  48°C	  for	  45	  sec,	  and	  72°C	  for	  90	  sec,	  with	  a	  final	  extension	  at	  72	  °C	  for	  15	  min	   (Edwards,	   2008).	   Ethidium	   bromide	   visualization	   after	   agarose	   gel	   electrophoresis	  was	  used	  to	  assess	   the	  success	  of	  PCR	  amplification.	  When	  visualized	  under	  UV,	  any	   lane	  showing	   a	   band	   of	   at	   least	   500	   bp	   was	   determined	   to	   contain	   a	   potential	   cbhI	   gene	  fragment.	  
	  PCR	   products	   were	   purified	   with	   the	   Qiagen	   QIAquick	   PCR	   Purification	   Kit	   and	   were	  sequenced	   at	   University	   of	   Illinois	   Biotechnology	   Center	   using	   an	   ABI	   3730XL	   high-­‐throughput	  automated	  sequencer.	  Sequences	  were	  edited	  and	  contigs	  were	  constructed	  in	  Sequencher	   5.1(Gene	   Codes	   Corp	   1991).	   	   Sequences	   derived	   from	   each	   sample	   were	  assembled	  automatically	  and	  a	  consensus	  sequence	  was	  obtained.	  	  
Phylogenetic	  Analyses	  Sequences	  obtained	  in	  this	  study	  were	  aligned	  with	  51	  sequences	  retrieved	  from	  GenBank	  using	  MUSCLE	  (Edgar	  2004).	  Maximum-­‐likelihood	  (ML)	  trees	  were	  generated	  with	  PhyML	  using	  the	  GTR	  substitution	  mode	  as	  implemented	  in	  Sea	  View	  v.4	  (completar).	  Robustness	  of	  the	  tree	  topology	  was	  tested	  by	  bootstrap	  analysis	  using	  1000	  replicates.	  
	  
Wood	  Degrading	  Enzyme	  Assays	  
Fungal	  Collections	  Two	   freshwater	   fungal	   species,	   Jahnula	   rostrata	   (FM073-­‐1)	   and	   Kirschtenoteilla	   sp.	  	  (FM047-­‐1),	   and	   two	   marine	   fungal	   species,	   Periconia	   sp.	   (R030-­‐2)	   and	   Haiyanga	   salina	  (FM041-­‐2)	  were	   tested	   for	   the	   production	   of	  wood	   degrading	   enzymes	   at	   four	   different	  salinities	  (Table	  2).	  	  The	  methods	  used	  here	  were	  reviewed	  by	  Pointing	  and	  can	  be	  adapted	  to	  marine	  environments	  by	  adding	  the	  appropriate	  amount	  of	  salts	  (Pointing,	  1999).	  	  
	  
Figure	  3:	  Fungal	  spores	  of	  marine	  fungi:	  (A)	  Periconia	  sp.	  and	  (B)	  Haiyanga	  salina,	  and	  freshwater	  fungi:	  (C)	  
Jahnula	  rostrata	  and	  (D)	  Kirschtenoteilla	  sp.	  used	  in	  cellulolytic	  enzyme	  assays.	  	  	  	  
Species	   Isolate	   Habitat	   Substrate	  
Periconia	  sp.	   R030-­‐2	   Marine	   Woody	  
	  Haiyanga	  salina	   FM041-­‐2	   Marine	   Woody	  
Jahnula	  rostrata	   FM073-­‐1	   Freshwater	   Woody	  
Kirschtenoteilla	  sp.	   FM047-­‐1	   Freshwater	   Woody	  
Table	  2:	  Tropical-­‐aquatic	  fungal	  species	  used	  in	  cellulolytic	  enzyme	  assays	  with	  isolate	  number,	  and	  substrate	  from	  which	  they	  were	  isolated.	  	  	  Fungal	  isolates	  were	  maintained	  on	  PDA	  Media.	  Colonies	  were	  allowed	  to	  grow	  in	  darkness	  at	  25	   °C	  until	   required	   for	  experimentation.	  Three	   replicates	  of	  each	   fungal	   species	  were	  used	  in	  assays.	  Inoculum	  discs	  5	  mm	  diameter	  were	  cut	  from	  the	  leading	  edge	  of	  colonies	  grown	  on	  nutrient	  agars	  and	  used	  to	  inoculate	  assay	  plates.	  Replicates	  were	  incubated	  for	  12-­‐23	   days,	   or	   until	   fungi	   colonies	   were	   approximately	   3	   cm	   in	   diameter,	   at	   25	   °C	   in	  darkness	   before	   being	   tested	   for	   enzymatic	   activity.	   Sterile	   techniques	   were	   used	  throughout	  assays.	  	  
Cellulolytic	  Enzymes	  	  To	  detect	  cellulase	  activity	  two	  assays	  were	  used,	  the	  carboxymethylcellulose	  agar	  assay	  to	  detect	  production	  of	  endoglucanases,	   and	   the	  esculin/iron	  assay	  method	   that	  detects	   the	  production	  of	  glucosidases.	  	  
Carboxymethylcellulose	  Agar	  (CMC	  Agar)	  Method	  CMC	  media	   were	   prepared	   using	   cellulolysis	   basal	   media	   CBM	   (5	   g/L	   C4H12N2O6,	   1	   g/L	  KH2PO4,	   0.5	   g/L	   MgSO4 7H2O,	   0.001	   g/L	   CaCl2 H2O,	   and	   0.1	   g/L	   yeast	   extract),	  supplemented	   with	   2%	   w/v	   low	   viscosity	   CMC,	   1.6	   w/v	   agar.	   CMC	   media	   were	  supplemented	  with	  marine	  salt	  to	  create	  a	  salinity	  gradient;	  34	  g/L	  was	  added	  for	  salinity	  S1	  (marine),	  17	  g/L	  for	  salinity	  S2,	  8.5	  g/L	  for	  salinity	  S3,	  and	  no	  salt	  was	  added	  for	  salinity	  S4	   (freshwater).	  These	  were	   autoclaved	  at	  120	   °C	   for	  15	  minutes	   and	  allowed	   to	   cool.	  A	  thin	   layer	   of	   CMC	   agar	  was	  dispensed	   to	   the	   appropriate	   petri	   dish	   quadrant.	  Once	  CMC	  agar	  had	  solidified,	  dishes	  were	  inoculated	  by	  aseptically	  transferring	  fungi	  colonies.	  After	  an	   appropriate	   amount	   of	   growth	   was	   observed,	   the	   dishes	   were	   flooded	  with	   2%	  w/v	  aqueous	  congo	  red	  (C.I.	  22120)	  and	  allowed	  to	  sit	  for	  15	  minutes.	  Excess	  stain	  was	  poured	  off	  and	  the	  surface	  was	  washed	  with	  distilled	  water.	  The	  plates	  were	  then	  flooded	  with	  1M	  NaCl	  for	  15	  minutes.	  Excess	  NaCl	  was	  poured	  off	  and	  dishes	  were	  examined	  for	  enzymatic	  activity	   and	   photographed.	   Undegraded	   CMC	   stained	   red-­‐violet	   in	   this	   procedure,	   while	  areas	  around	  colonies	  where	  degradation	  had	  occurred	  appeared	  clear.	  	  
Esculin/Iron	  Method	  Prepared	   CBM	   media	   was	   supplemented	   with	   0.5%	   w/v	   esculin	   and	   1.6%	   w/v	   agar,	  autoclaved	  for	  15	  minutes	  at	  120	  °C,	  and	  cooled.	  1	  mL	  of	  a	  sterile	  2%	  w/v	  aqueous	  ferric	  sulfate	  solution	  was	  aseptically	  added	  for	  every	  100	  mL	  CBM	  and	  gently	  mixed.	  Media	  were	  dispensed	   to	   divided	   petri	   dishes	   and	   labeled	   according	   to	   salinity.	   Once	   media	   had	  solidified,	   petri	   dishes	  were	   inoculated	  with	   fungi	   colonies	   and	   incubated	   in	   darkness	   at	  	  	  25	  °C.	  Dishes	  were	  examined	  for	  enzymatic	  activity,	  and	  photographed.	  Product	  of	  enzyme	  degradation	  reacted	  with	  iron	  sulfate	  to	  produce	  a	  black	  color	  in	  the	  growth	  media	  where	  enzyme	  production	  occurred.	  
	  
Hemicellulolytic	  Activity	  Hemicellulolytic	   activity	  was	   assessed	  with	   the	   xylanolysis	   basal	  media	   assay	  method,	   a	  method	  used	  to	  detect	  xylanase	  enzyme	  activity.	  
	  
Xylanolysis	  Basal	  Media	  (XBM)	  Method	  XBM	   media	   were	   prepared	   using	   CBM	   (5	   g/L	   C4H12N2O6,	   1	   g/L	   KH2PO4,	   0.5	   g/L	  MgSO4 7H2O,	  0.001	  g/L	  CaCl2 H2O,	  and	  0.1	  g/L	  yeast	  extract),	  supplemented	  with	  4%	  w/v	  xylan,	  1.6%	  w/v	  agar,	  and	  marine	  salt	  to	  create	  a	  salinity	  gradient;	  34	  g/L	  was	  added	  for	  salinity	  S1	  (marine),	  17	  g/L	  for	  salinity	  S2,	  8.5	  g/L	  for	  salinity	  S3,	  and	  no	  salt	  was	  added	  for	  salinity	  S4	  (freshwater).	  The	  media	  were	  placed	  in	  an	  autoclave	  for	  15	  minutes	  at	  120	  °C	  before	   being	  mixed	   to	   ensure	   uniform	   distribution	   of	   xylan,	   transferred	   to	   petri	   dishes,	  allowed	  to	  solidify,	  and	  inoculated	  with	  fungi.	  After	  an	  appropriate	  amount	  of	  growth	  was	  observed,	   dishes	   were	   flooded	   with	   iodine	   stain	   (0.25%	   w/v	   aqueous	   I2	   and	   KI)	   and	  allowed	   to	   sit	   for	   5	   minutes.	   Excess	   iodine	   stain	   was	   poured	   off	   and	   the	   dishes	   were	  washed	   with	   distilled	   water.	   Dishes	   were	   examined	   for	   enzymatic	   activity,	   and	  photographed.	   Xylan	  degradation	   around	   the	   colonies	   appeared	   as	   a	   yellow-­‐opaque	   area	  against	   a	   darker	   hue	   of	   brown	   for	   undegraded	   xylan.	   One-­‐way	   analysis	   of	   variance	  (ANOVA)	  tests	  were	  used	  to	  examine	  statistical	  associations	  between	  colony	  diameter	  and	  salinity,	   and	   Tukey’s	   honestly	   significant	   difference	   (HSD)	   was	   used	   to	   test	   significant	  results.	  
	  
	  
Results	  
	  
Sequencing	  of	  the	  Cellobiohydrolase	  Gene	  
PCR	  Amplification	  Seven	   fungal	   species	   were	   selected	   to	   sequence	   the	   cbhI	   gene	   using	   the	   fungcbh1F-­‐fungcbh1R	  primer	  set	  (Table	  1).	  	  Single	  bands	  were	  recovered	  from	  four	  of	  the	  seven	  fungal	  collections	   tested,	   with	   PCR	   products	   ranging	   from	   550	   –	   800	   bp.	   	   Sequencing	   was	  performed	  on	   these	  bands,	  and	  clean	  sequences	  were	  obtained	   from	  these	  amplifications	  without	  the	  need	  for	  cloning	  (Figure	  4).	  	  	  
	  
Figure	  4:	  Consensus	  sequence	  of	  cbhI	  primers	  for	  nucleotide	  sequences	  obtained	  experimentally.	  	  
Phylogenetic	  Analyses	  A	  preliminary	  assessment	  of	   the	  phylogenetic	  placement	  of	  cbhI	   sequences	   for	  these	   four	  species	   included	   55	   fungal	   taxa.	   The	   final	   aligned	   database	   was	   comprised	   of	   766	  characters.	   Phylogenetic	   analysis	   of	   the	   cultured	   fungi	   placed	   most	   of	   the	   species	   with	  members	   of	   the	   Sordariomycetes,	   but	   only	   low	   support	   was	   obtained	   for	   the	   major	  branches	  of	  the	  tree,	  and	  there	  was	  no	  support	  for	  deep	  branches	  (Figure	  5).	  Additionally,	  reconstruction	   showed	   that	   the	   distribution	   of	   experimentally	   obtained	   cbhI	   sequences	  displayed	   no	   distinct	   clustering	   pattern	   among	   the	   sequences	   obtained	   from	   GenBank	  (Figure	  5).	  	  	  	  
	  
Figure	  5:	  Phylogenetic	  relationships	  among	  fungal	  taxa	  for	  cbhI.	  The	  dataset	  included	  four	  sequences	  of	  aquatic	  fungi	  highlighted	  in	  blue,	  obtained	  from	  culture.	  Remaining	  sequences	  were	  accessed	  from	  GenBank.	  Accession	  numbers	  are	  given	  next	  to	  the	  corresponding	  species.	  Only	  bootstrap	  frequencies	  of	  >	  75%	  are	  displayed.	  The	  tree	  is	  rooted	  with	  an	  outgroup	  of	  the	  genus	  Clitocybe	  (basidiomycete).	  	  
	  
Wood	  degrading	  Enzyme	  Assays	  All	  species	  were	  capable	  of	  growing	  on	  the	  three	  media	  across	  the	  salinity	  gradient.	  While	  species	  did	  not	   always	  produce	  degradation	  enzymes	  across	   the	   salinity	   gradient,	   assays	  revealed	  that	  all	  of	  the	  tested	  species	  were	  cellulolytic	  to	  some	  degree	  (Figure	  6;	  Table	  3).	  	  	  All	   Haiyanga	   salina	   and	   Kirschtenoteilla	   sp.	   replicates	   were	   found	   to	   produce	   xylanase	  across	  all	  salinity	   levels,	  while	   Jahnula	  rostrata	   replicates	  were	  observed	  to	  only	  produce	  xylanase	  in	  the	  brackish	  and	  freshwater	  conditions.	  Periconia	  sp.	  replicates	  were	  variable,	  but	  produced	  xylanase	  in	  all	  experimental	  salinities,	  displaying	  the	  most	  consistent	  results	  in	  marine-­‐brackish	  conditions	  (Table	  3).	  	  	  
	  
Figure	  6:	  Three	  qualitative	  fungi	  assays	  used	  to	  detect	  for	  the	  production	  of	  degradation	  enzymes	  and	  cellulolytic	  activity.	  The	  carboxymethylcellulose	  agar	  assay	  method	  (left),	  the	  esculin/iron	  assay	  method	  (middle),	  and	  the	  xylanolysis	  basal	  media	  assay	  method	  (right),	  were	  selected	  to	  test	  the	  ability	  of	  fungi	  taxa	  to	  decompose	  different	  plant	  polymer	  substrates.	  	  	  Only	  Haiyanga	  salina	  was	  found	  to	  have	  the	  ability	  to	  hydrolyze	  carboxymethylcellulose	  via	  endoglucanases	   (Table	   3).	   While	   this	   species	   produced	   endoglucanases	   across	   all	  experimental	   salinities,	   results	   were	   highly	   variable.	   One	   replicate	   suggested	   CMC	  degradation	   in	  marine,	   brackish,	   and	   freshwater	   conditions;	   another	   replicate	   suggested	  CMC	   degradation	   in	   marine,	   marine-­‐brackish,	   and	   freshwater;	   and	   the	   last	   replicate	  suggested	   CMC	   degradation	   exclusively	   in	   freshwater	   conditions.	   As	   such,	   freshwater	  conditions	  provided	  the	  most	  consistent	  results	  of	  endoglucanase	  production.	  	  Of	   the	   three	   assays	   conducted,	   the	   esculin/iron	   method	   showed	   the	   greatest	   habitat	  specificity	  in	  enzyme	  production.	  All	  species	  were	  positive	  for	  production	  of	  β-­‐glucosidase.	  
Haiyanga	   salina	   and	   Kirschtenoteilla	   sp.	   replicates	   were	   found	   to	   produce	   β-­‐glucosidase	  across	   the	  salinity	  gradient.	  However,	   the	  production	  of	  oxalic	  acid	  was	  also	  observed	  as	  branching	   structures	   in	   brackish	   and	   freshwater	   conditions	   for	   all	   Haiyanga	   salina	  replicates	   (Figure	   7).	   Jahnula	   rostrata	   replicates	   produced	   nearly	   identical	   results,	   with	  only	   one	   replicate	   failing	   to	   produce	   β-­‐glucosidase	   in	   marine	   conditions.	   Periconia	   sp.	  replicates	  produced	  β-­‐glucosidase	   in	  marine	  marine-­‐brackish,	   and	   freshwater	   conditions,	  though	  most	  consistently	  in	  marine	  environments.	  All	  replicates	  of	  each	  species	  displayed	  
the	   greatest	   production	   in	   the	   same	   conditions,	   but	   the	   strength	   of	   response	   in	   other	  conditions	  often	  varied	  between	  replicates	  (Table	  4).	  	  	  Colony	  growth	  was	  also	  assessed	  for	  fungi	  growing	  in	  the	  esculin/iron	  assay	  (Table	  5).	  Different	   fungal	   taxa	   were	   observed	   to	   grow	   at	   different	   rates,	   and	   only	   the	   freshwater	  species,	  Jahnula	  rostrata	  (df=	  3,8;	  F=	  9.34,	  p	  <	  0.05]	  and	  Kirschtenoteilla	  [df=3,	  8;	  F	  =	  12.24,	  p	  <	  0.05]	  displayed	  significant	  differential	  growth	  across	  the	  salinity	  gradient.	  	  	  
	  
Figure	  7:	  Production	  of	  oxalic	  acid	  in	  brackish	  and	  freshwater	  conditions	  in	  Haiyanga	  salina	  replicates.	  Ocalix	  acid	  appears	  as	  branching	  structures	  present	  in	  the	  left	  and	  bottom	  quadrants	  of	  replicates.	  	  	   	   	   EGL	   BGL	   XY	  
	   Fungus	   S1	   S2	   S3	   S4	   S1	   S2	   S3	   S4	   S1	   S2	   S3	   S4	  
Marine
	  
	  
Periconia	  sp.	   -­‐	   -­‐	   -­‐	   -­‐	   +	   -­‐	   -­‐	   -­‐	   -­‐	   +	   -­‐	   +	  
Periconia	  sp.	   -­‐	   -­‐	   -­‐	   -­‐	   +	   +	   -­‐	   -­‐	   +	   +	   -­‐	   -­‐	  
Periconia	  sp.	   -­‐	   -­‐	   -­‐	   -­‐	   +	   -­‐	   -­‐	   +	   -­‐	   +	   +	   +	  
Haiyanga	  salina	   +	   -­‐	   +	   +	   +	   +	   +	   +	   +	   +	   +	   +	  
Haiyanga	  salina	   +	   +	   -­‐	   +	   +	   +	   +	   +	   +	   +	   +	   +	  
Haiyanga	  salina	   -­‐	   -­‐	   -­‐	   +	   +	   +	   +	   +	   +	   +	   +	   +	  
Freshw
ater	  
	  
Jahnula	  rostrata	   -­‐	   -­‐	   -­‐	   -­‐	   +	   +	   +	   +	   -­‐	   -­‐	   +	   +	  
Jahnula	  rostrata	   -­‐	   -­‐	   -­‐	   -­‐	   +	   +	   +	   +	   -­‐	   -­‐	   +	   +	  
Jahnula	  rostrata	   -­‐	   -­‐	   -­‐	   -­‐	   -­‐	   +	   +	   +	   -­‐	   -­‐	   +	   +	  
Kirschtenoteilla	  sp.	   -­‐	   -­‐	   -­‐	   -­‐	   +	   +	   +	   +	   +	   +	   +	   +	  
Kirschtenoteilla	  sp.	   -­‐	   -­‐	   -­‐	   -­‐	   +	   +	   +	   +	   +	   +	   +	   +	  
Kirschtenoteilla	  sp.	   -­‐	   -­‐	   -­‐	   -­‐	   +	   +	   +	   +	   +	   +	   +	   +	  
Table	  3:	  Production	  of	  cellulolytic	  enzymes	  by	  tropical-­‐aquatic	  fungi;	  Endoglucanases	  (EGL),	  β-­‐glucosidase	  (BGL),	  xylanase	  (XY);	  S1	  =	  Marine,	  S2	  =	  Marine-­‐Brackish,	  S3	  =	  Brackish,	  S4	  =	  Freshwater;	  +	  =	  reaction;	  -­‐	  =	  no	  reaction.	  	   	  
	   	   Replicate	   Marine	   Marine-­‐
Brackish	  
Brackish	   Freshwater	  
Marine
	   	  Periconia	  sp.	  	   R1	   ++	   -­‐	   -­‐	   -­‐	  R2	   ++	   +	   -­‐	   -­‐	  R3	   +++	   -­‐	   -­‐	   ++	  
	  
Haiyanga	  salina	  	   R1	   ++++	   +++	   ++	   +	  R2	   ++++	   +++	   +	   ++	  R3	   ++++	   +++	   ++	   +	  
Freshw
ater	   	  Jahnula	  rostrata	   R1	   +	   +++	   ++++	   ++	  R2	   ++	   +++	   ++++	   +	  R3	   +	   +++	   ++	   ++++	  
	  
Kirschtenoteilla	  sp.	  	   R1	   ++	   +++	   +	   ++++	  R2	   +	   ++	   +++	   ++++	  R3	   ++	   +++	   +	   ++++	  
Table	  4:	  Production	  of	  β-­‐glucosidase	  by	  tropical-­‐aquatic	  fungi	  as	  measured	  by	  strength	  of	  response;	  ++++	  =	  strongest	  response,	  +++	  =	  strong	  response,	  ++	  =	  weak	  response,	  +	  =	  weakest	  response,	  -­‐	  =	  no	  response.	  	  
	  
	   	   	  Average	  Colony	  Diameter	  Size	  (mm)	  
	   Fungus	   Marine	   Marine-­‐
Brackish	  
Brackish	   Freshwater	  Marine	   Periconia	  sp.	   6.7	  (1.15)	   6	  (1.73)	   5	  (0.00)	   6	  (1.73)	  
Haiyanga	  salina	   29	  (3.00)	   24	  (5.57)	   23.3	  (0.577)	   24	  (2.64)	  Freshwater	   Jahnula	  rostrata	   6.7a	  (1.15)	   11.7	  (0.577)	   16.7b	  (2.08)	   13b	  (4.00)	  
Kirschtenoteilla	  sp.	   13a	  (2.00)	   23c	  (7.81)	   35b,	  d	  (3.00)	   25.7b	  (2.52)	  
Table	  5:	  Diameter	  (mm)	  and	  standard	  deviation	  (listed	  in	  parenthesis)	  of	  fungal	  colonies	  grown	  on	  esculin/iron	  media;	  diameter	  size	  of	  5mm	  is	  indicative	  of	  no	  growth,	  as	  5mm	  inoculum	  discs	  were	  used	  to	  inoculate	  plates;	  ANOVA	  and	  Tukey	  HSD	  tests	  indicated	  significant	  differences	  between	  colony	  growth	  in	  freshwater	  species	  Kirschtenoteilla	  sp.	  and	  Jahnula	  rostrata;	  the	  treatments	  that	  differed	  significantly	  (p	  <	  0.05)	  are	  indicated	  with	  superscript	  letters.	  	  
	  
	  
Discussion	  	  
Taxonomic	  and	  Phylogenetic	  Placement	  of	  Study	  Species	  Successful	   isolation	   and	   amplification	   of	   cbhI	   genes	   from	   single	   spores	   indicates	   that	  aquatic	   ascomycete	   fungi	   may	   be	   sequenced	   without	   cloning.	   This	   contrasts	   with	   the	  observation	  of	  multiple	  forms	  of	  cbhI	  genes	  occur	  in	  Basidiomycetes	  (Edwards,	  2008).	  One	  possible	  deduction	  of	   the	  successful	  recovery	  of	  cbhI	  genes	   from	  single	  spore	  samples,	  as	  seen	  in	  this	  study,	  is	  that	  Ascomycetes	  only	  possess	  a	  single	  copy	  of	  the	  cbhI	  gene	  in	  their	  genome.	  Additional	  sequencing	  studies	   involving	  cbhI	  using	   illumina	  sequencing	  methods	  also	   found	   that	   Ascomycetes	   only	   possess	   one	   copy	   of	   this	   gene	   (A.	   Ferrer,	   et	   al.,	  unpublished	   data),	   suggesting	   that	   gene	   duplication	   may	   have	   occurred	   after	   the	  divergence	  of	  these	  groups.	  From	  an	  ecological	  perspective,	  having	  multiple	  copies	  of	  cbhI	  maybe	   advantageous	   if	   the	   protein	   products	   of	   these	   genes	   allows	   for	   the	   enzyme	   to	   be	  produced	   in	  a	  variety	  of	   environments.	   For	  example,	   some	  Basidiomycetes	  with	  multiple	  forms	  of	  cbhI	  have	  been	  found	  to	  exhibit	  different	  patterns	  of	  gene	  expression	  depending	  on	  available	  substrate	  (Sims,	  1994;	  Vallim,	  1998).	  	  	  
Other	   cellobiohydrolase	   PCR	   primers	   for	   have	   been	   proposed,	   but	   these	   primers	   were	  developed	   with	   less	   sequence	   information,	   were	   highly	   degenerate,	   amplified	   smaller	  regions	  of	  the	  catalytic	  domain,	  or	  failed	  to	  distinguish	  between	  cellobiohydrolase	  or	  EGL	  (Edwards,	   2008).	   Therefore,	   the	   successful	   application	   of	   the	   Edwards	   fungal	  cellobiohydrolase	  primer	  set	  in	  the	  study	  of	  aquatic	  fungi	  to	  recover	  cbhI	  genes	  from	  single	  spore	  samples	  provides	  a	  new	  tool	  to	  examine	  the	  diversity	  and	  distribution	  of	  these	  genes	  in	  microbial	  ecology.	  
	  Phylogenetic	  analysis	  provided	  insights	  into	  the	  relatedness	  of	  degradative	  fungal	  taxa.	  Sequencing	  results	  suggest	  that	  three	  species,	  Corollospora	  sp.,	  Nectria	  sp.,	  and	  Lulworthia	  sp.	  do	  not	  possess	  cbhI	  at	  all,	  and	  thus	  may	  not	  be	  involved	  in	  the	  decay	  of	  CWD.	  It	  should	  be	   noted	   that	   two	   of	   these	   species	   represented	   the	  marine	   fungal	   taxa	   tested	   (Table	   1).	  Alternatively	  these	  species	  may	  possess	  additional	  enzymes	  involved	  in	  the	  decay	  of	  CWD,	  such	   as	   xylanases.	   Conversely,	   two	   freshwater	   taxa,	   as	   well	   as	   two	   brackish	   taxa	   were	  found	  to	  possess	  cbhI.	  An	  interesting	  observation	  is	  that	  Lulworthia	  sp.	  2,	  a	  brackish	  fungal	  species	   closely	   related	   to	   Lulworthia	   sp.,	   did	   possess	   cbhI	   but	   was	   not	   placed	   with	  
Lulworthia	   sp.	   in	   the	  phylogeny,	  as	   the	   later	  did	  not	  possess	  cbhI	   (Figure	  3).	   It	   should	  be	  noted	   however,	   that	   at	   present,	   GenBank	   only	   includes	   cbhI	   sequence	   data	   for	   a	   few	  lineages	  of	  Ascomycetes,	   and	  does	  not	   include	  any	   freshwater	  or	  marine	   fungi.	  The	   focal	  taxa	  may	  therefore	  change	  in	  their	  placement	  on	  the	  tree	  once	  cbhI	  sequences	  are	  available	  for	  more	  of	  the	  major	  groups	  of	  Ascomycetes.	  	  
	  
Variations	  in	  Growth	  Performance	  Only	   the	   freshwater	   taxa	   exhibited	   significant	   growth	  differences	   between	   salinity	   levels	  (Table	  5).	  Both	  of	  the	  freshwater	  species	  grew	  significantly	  better	  in	  non-­‐saline	  than	  saline	  culture	   conditions.	   One	   of	   the	   freshwater	   species,	   Kirschtenoteilla	   sp,	   also	   displayed	  significant	   growth	   differences	   between	  marine-­‐brackish	   and	   brackish	   conditions.	  Marine	  taxa	  on	   the	  other	  hand	  did	  not	  display	   the	   same	  environmental	   sensitivities	   and	  did	  not	  display	   significant	   differences	   in	   growth.	   Growth	   rates	   of	   the	   freshwater	   species	   were	  therefore	  more	  sensitive	  to	  salinity	  than	  those	  of	  marine	  species.	  	  
Fungal	  Substrate	  Use	  Qualitative	   enzyme	   assays	   are	   powerful	   tools	   in	   the	   screening	   of	   fungi	   for	   cellulolytic	  enzyme	  production.	  Assays	  may	  be	  used	  to	  detect	  the	  synthesis	  of	  enzymes,	  release	  from	  fungi	   mycelium,	   and	   activity	   after	   inoculation	   (Pointing,	   1999).	   As	   such,	   the	   lack	   of	   a	  positive	   result	   may	   be	   interpreted	   as	   a	   lack	   of	   enzyme	   production,	   a	   lack	   of	   secretion	  outside	   the	  mycelium,	   or	   that	   it	   is	   produced	   by	   a	   species,	   but	  may	   not	   be	   active	   due	   to	  environmental	  conditions.	  Therefore,	  absence	  of	  a	  reaction	  is	  not	  a	  definitive	  confirmation	  of	  a	  species’	  inability	  to	  produce	  a	  particular	  cellulolytic	  enzyme.	  	  	  Previous	  studies	  have	  shown	  cellulose	  degradation	   is	  possible	   in	   freshwater,	  marine,	  and	  salt	   marsh	   Ascomycetes	   based	   on	   the	   observed	   production	   of	   cellulases	   (Zare-­‐Maivan,	  1988;	  Gessner,	  1980;	  Raghukumar	  et	  al.	  1994).	  Indeed,	  some	  of	  these	  studies	  have	  shown	  that	   up	   to	   80%	   of	   species	   tested	   were	   positive	   for	   cellulolytic	   enzyme	   activities	  (Raghukumar	  et	  al.	  1994).	  However,	  in	  this	  study	  cellulose	  degradation	  via	  endoglucanases	  was	   only	   observed	   in	   the	   marine	   ascomycete	   species	   Haiyanga	   salina	   (Table	   3).	   This	  
finding	  was	  unexpected	  given	  the	  results	  of	  other	  studies	  and	  the	  abundance	  of	  cellulose	  in	  plant	  cells.	  Still,	  the	  inability	  to	  produce	  endoglucanases	  may	  be	  attributable	  to	  the	  absence	  of	  vital	  co-­‐factors.	  Studies	  involving	  the	  highly	  cellulolytic	  fungal	  species	  Trichoderma	  reesi	  found	  that	  fungal	  colonies	  did	  not	  produce	  enzymes	  unless	  surfactant	  was	  added	  to	  plates	  (Montencourt,	   1977).	   A	   similar	   suppression	   mechanism	   may	   explain	   the	   lack	   of	  endoglucanase	  production	  observed	  in	  these	  Ascomycetes.	  	  An	   alternate	   explanation	   is	   that	   β-­‐glucosidases	   play	   a	   larger	   role	   in	   the	   degradation	   of	  cellulose	  than	  endoglucanases.	  The	  results	  of	  this	  study	  suggested	  that	  species	  produce	  β-­‐glucosidases	  more	   consistently	   in	   a	   range	   of	   environments	   regardless	   of	   their	   preferred	  saline	  environment	  (Table	  3).	  Both	  marine	  species	  and	  one	  freshwater	  species,	  were	  found	  to	  produce	  β-­‐glucosidases	   across	   the	   salinity	   gradient.	  These	   results	   are	   similar	   to	   those	  achieved	  in	  other	  studies	  (Zare-­‐Maivan,	  1988;	  Gessner,	  1980;	  Raghukumar	  et	  al.	  1994).	  The	  other	  freshwater	  taxa	  showed	  more	  limited	  production	  of	  β-­‐glucosidases	  (Table	  3).	  Based	  on	  this,	  two	  possible	  conclusions	  may	  be	  reached.	  First,	  that	  production	  of	  β-­‐glucosidases	  is	  dependent	  on	  the	   fungal	  species.	   	  Second,	   that	  β-­‐glucosidases	  are	  a	  more	  general	  class	  of	  cellulase	   enzyme	   that	   are	   capable	   of	   being	   produced	   in	   a	  wide	   variety	   of	   environmental	  conditions,	  whereas	  endoglucanases	  may	  be	  more	  condition	  specific.	  	  	  The	  production	  of	  oxalic	  acid,	  a	  relatively	  strong	  acid	  by-­‐product	  of	  glucose	  degradation,	  is	  fairly	  widespread	   in	   fungi	   (Gadd,	   1999).	   This	   result	  was	   observed	   in	   all	  Haiyanga	  salina	  replicates.	  Haiyanga	   salina,	   a	   marine	   species,	   only	   produced	   oxalic	   acid	   in	   brackish	   and	  freshwater	   conditions.	   Studies	   have	   shown	   that	   organic	   acids,	   like	   oxalic	   acid,	   play	   in	  important	   role	   in	   fungal	   nutrition,	   physiology,	   charge	   balance,	   and	   pH	   homeostasis	  (Jennings,	   1995).	   In	   other	   studies	   involving	   Basidiomycetes,	   oxalic	   acid	   was	   produced	  under	   nutrient-­‐limited	   conditions,	   but	   was	   not	   observed	   under	   nutrient-­‐rich	   conditions	  (Kuan,	  1993;	  Micales,	  1994).	  As	  such,	   it	  was	  concluded	   that	   the	  production	  of	  oxalic	  acid	  was	  indicative	  of	  the	  fungi	  growing	  outside	  of	  the	  taxa’s	  preferred	  saline	  environment.	  	  	  Hemicelluloses	  are	  another	  one	  of	  the	  major	  components	  in	  plant	  cell	  walls,	  and	  are	  easily	  hydrolyzed	  (Gamuaf	  et	  al.,	  2007;	  Štursová	  et	  al.,	  2011).	  Within	  this	  polymer	  family,	  xylan	  is	  the	   predominant	   compound	   (Flannigan,	   1970).	   Previous	   studies	   have	   shown	   freshwater	  marine,	   and	   salt	  marsh	   Ascomycetes	   to	   produce	   xylanases	   (Zare-­‐Maivan,	   1988;	   Gessner,	  1980;	  Raghukumar	  et	   al.	   1994).	   In	   this	   study	   the	   xylanolysis	  basal	  media	   (XBM)	  method	  was	   used	   to	   test	   for	   the	   production	   of	   these	   enzymes,	   and	   it	   was	   found	   that	   all	   species	  tested	  positive	  for	  the	  production	  of	  xylanases.	  Two	  species,	  one	  marine	  (Haiyanga	  salina)	  and	  one	  freshwater	  (Kirschtenoteilla	  sp.),	  were	  capable	  of	  producing	  xylanases	  across	  the	  salinity	   gradient,	  while	   other	   species	   only	   produced	   these	   enzymes	   in	   certain	   conditions	  (Table	  3).	  Again,	  based	  on	  these	  results	  it	  would	  appear	  that	  production	  of	  xylanases	  may	  be	   highly	   dependent	   on	   the	   fungal	   species.	   The	   observed	   production	   of	   enzymes	   in	  freshwater	   taxa	   like	   Jahnula	  rostrata,	   suggest	   that	   the	  species	  only	  produces	  degradation	  enzymes	  in	  its	  preferred	  habitat.	  
	  
Conclusions	  This	  work	  uses	  novel	  applications	  of	  methods	  for	  the	  study	  of	  terrestrial	  fungi	  in	  the	  study	  of	  aquatic	  fungi,	  explores	  the	  genetics	  of	  an	  exclusively	  fungal	  GH7	  cellobiohydrolase	  coded	  
for	  by	   the	  cbhI	  gene	   in	   tropical-­‐aquatic	   fungi,	   and	  emphasizes	   the	   importance	  of	   salinity,	  one	   of	   a	   number	   of	   local-­‐scale	   controls,	   on	   the	   production	   of	   cellulolytic	   enzymes	   in	  tropical-­‐aquatic	   fungi.	   The	   gene	   cbhI	   is	   apparently	   not	   ubiquitous	   among	   aquatic	   fungal	  species,	  though	  is	  found	  across	  a	  number	  of	  phylogenetic	  clades.	  Fungal	  growth	  rates	  and	  production	   of	   degradation	   enzymes	   are	   dependent	   on	   species	   and	   salinity.	   Generally	  marine	   Ascomycetes	   were	   able	   to	   grow	   across	   a	   salinity	   gradient,	   while	   freshwater	  Ascomycetes	   grew	   significantly	   better	   in	   less	   saline	   conditions.	   Both	   marine	   and	  freshwater	  species	  exhibited	  the	  greatest	  amount	  of	  enzyme	  production	  in	  their	  preferred	  environments.	   Future	   studies	   may	   wish	   to	   investigate	   the	   diversity	   of	   cbhI	   on	   a	   much	  broader	  scale,	  which	  would	  enhance	  our	  understanding	  of	  the	  phylogenetic	  relationships	  of	  aquatic	  fungi	  and	  their	  functional	  role	   in	  ecosystems.	  Additional	  studies	  may	  also	  wish	  to	  consider	   additional	   local-­‐scale	   effects	   that	   influence	   enzyme	   production,	   or	   should	  prioritize	  local-­‐scale	  effects	  that	  determine	  fungal	  colonization.	  For	  example,	  the	  quality	  of	  coarse	  wood	  debris,	  or	   its	   location	  relative	  to	  other	  sources	  of	  carbon	  may	  also	   influence	  the	  production	  of	  cellulolytic	  enzymes	  or	  fungal	  colonization.	  Exploring	  these	  relations	  will	  further	   our	   understanding	   of	   ecosystem	   carbon	   dynamics	   and	   may	   have	   practical	  applications	  in	  bioremediation	  techniques.	  	  
	  
Acknowledgements	  Thanks	   to	   the	   Department	   of	   Integrative	   Biology	   at	   the	   University	   of	   Illinois	   at	   Urbana-­‐Champaign	  for	  allowing	  me	  this	  research	  opportunity,	  and	  to	  J.	  Dalling,	  A.	  Ferrer,	  K.	  Heath,	  R.	  Zielinksi,	   J.	  Cheeseman,	  P.	  Burke,	   J.	   Jones,	  and	  S.	  Brown	  for	  aiding	   in	   the	  completion	  of	  this	  project.	  	  
	  
	  
Literature	  Referenced	  Bradford,	  M.A.,	  Warren,	  R.J.,	  Baldrain,	  P.,	  Crowther.	  T.W.,	  Maynard,	  D.S.,	  Oldfield,	  E.E.,	  Weider,	  W.R.,	  Wood,	  S.A.,	  King,	  J.R.	  2014.	  Climate	  fails	  to	  predict	  wood	  decomposition	  at	  regional	  scales.	  Nat.	  Climate	  Change	  4.	  Caracuel,	  Z.,	  Casanova,	  C.,	  Roncero,	  M.I.G.,	  Di	  Pietro,	  A.,	  Ramos,	  J.	  2003.	  pH	  response	  transcription	  factor	  PacC	  controls	  salt	  stress	  tolerance	  and	  expression	  of	  the	  P-­‐Type	  Na+-­‐ATPase	  Ena1	  in	  Fusarium	  oxysporum.	  Eukar.	  
Cell	  2(6):	  1246-­‐1252.	  Edwards,	  I.P.,	  Upchurch,	  R.A.,	  Zak,	  D.R.	  2008.	  Isolation	  of	  fungal	  cellobiohydrolase	  I	  genes	  from	  sporocarps	  and	  forest	  soils	  by	  PCR.	  Appl.	  Environ.	  Microbiol.	  74:	  3481-­‐3489.	  Eriksson,	  K.E.,	  Blanchette,	  R.A.,	  Ander,	  P.	  1990.	  Microbial	  and	  enzymatic	  degradation	  of	  wood	  and	  wood	  components.	  Springer-­‐Verlag,	  Berlin.	  Flannigan,	  B.	  1970.	  Degradation	  of	  arabinoxylan	  and	  carboxymethyl	  cellulose	  by	  fungi	  isolated	  from	  barley	  kernels.	  Trans.	  British	  Myc.	  Society	  55:	  277-­‐281.	  Gadd,	  G.M.	  1999.	  Fungal	  production	  of	  citric	  and	  oxalic	  acid:	  Importance	  in	  metal	  speciation,	  biology	  and	  biogeochemical	  processes.	  Advances	  in	  Microb.	  Phys.	  41:	  48-­‐79.	  Gamuaf,	  C.,	  Metz,	  B.,	  Seiboth,	  B.	  2007.	  Degradation	  of	  plant	  cell	  wall	  polymers	  by	  fungi.	  Environmental	  and	  Microbial	  Relationships,	  2nd	  Edition.	  Springer-­‐Verlag,	  Berlin.	  Garcia-­‐Valdecasas,	  A.,	  Camacho,	  A.I.,	  Aranzadi,	  P.	  1997.	  Las	  aguas	  dulces	  de	  la	  isla	  de	  Coiba	  (Panama).	  In	  S.	  Castroviejo	  (ed.)	  Flora	  y	  Fauna	  del	  Parque	  Nacional	  de	  Coiba	  (Panama).	  Inventario	  Preliminar	  AECI	  107-­‐125.	  Gessner,	  R.V.	  1980.	  Degradative	  enzyme	  production	  by	  salt	  marsh	  fungi.	  Bot.	  Mar.	  23:	  133-­‐139.	  Horn,	  S.J.,	  Caaje-­‐Kolstad,	  G.,	  Westereng,	  B.,	  Eijsink,	  V.G.H.	  2012.	  Novel	  enzymes	  for	  the	  degradation	  of	  cellulose.	  Biotech.	  For	  Biofuels,	  5:45.	  
Hyde,	  K.D.,	  Gareth	  Jones,	  E.B.,	  Leaño,	  E.,	  Pointing,	  S.B.,	  Poonyth,	  A.D.,	  Vrijmoed,	  L.L.P.	  1998.	  Role	  of	  fungi	  in	  marine	  ecosystems.	  Biodiv.	  &	  Conserv.	  7:1147-­‐1161.	  Jennings,	  D.H.	  1995.	  The	  Physiology	  of	  Fungal	  Nutrition.	  Cambridge	  University	  Press,	  Cambridge.	  Kuan,	  I.C.,	  Tien,	  M.	  1993.	  Stimulation	  of	  Mn	  peroxidase	  activity:	  a	  possible	  role	  for	  oxalate	  in	  lignin	  biodegradation.	  Proc.	  Natl.	  Acad.	  Sci.	  90:	  1242-­‐1246.	  Luo,	  W.,	  Vrijmoed,	  L.L.P.,	  Gareth	  Jones,	  E.B.	  2005.	  Screening	  of	  marine	  fungi	  for	  lignocellulose-­‐degrading	  enzyme	  activities.	  Bot.	  Mar.	  48:	  379-­‐386.	  Methvin,	  B.R.,	  Suberkropp,	  K.	  2003.	  Annual	  production	  of	  leaf-­‐decaying	  fungi	  in	  two	  streams.	  J.	  of	  N.	  American	  
Benthological	  Society	  22:554-­‐564.	  Micales,	  J.A.	  1994.	  Induction	  of	  oxalic	  acid	  by	  carbohydrate	  and	  nitrogen	  sources	  in	  the	  brown-­‐rot	  fungus	  
Postia	  placenta.	  Mater.	  Org.	  28:	  197-­‐207.	  Montencourt,	  B.S.,	  Eveleigh,	  D.E.	  1977.	  Semiquantitative	  plate	  assay	  for	  determination	  of	  cellulase	  production	  by	  Trichoderma	  viride.	  App.	  Env.	  Microbiol.	  33:	  178-­‐183.	  Pan,	  Y.,	  Birdsey,	  R.A.,	  Jang,	  J.,	  Houghton,	  R.,	  Kauppi,	  P.E.,	  Kurz,	  W.A.,	  Phillips,	  O.L.,	  Shvidenko,	  A.,	  Lewis,	  S.L.,	  Canadell,	  J.G.,	  Ciais,	  P.,	  Jackson,	  R.B.,	  Pacala,	  S.W.,	  McGuire,	  A.D.,	  Piao,	  S.,	  Rautianinen,	  A.,	  Sitch,	  S.,	  Hayes,	  D.	  2011.	  A	  large	  and	  persisten	  carbon	  sink	  in	  the	  world’s	  forests.	  Science	  333:	  988-­‐993.	  Perez.	  J.,	  Munoz-­‐Dorado,	  J.,	  de	  la	  Rubia,	  T.,	  Martinez,	  J.	  2002.	  Biodegradation	  and	  biological	  treatments	  of	  cellulose,	  hemicellulose,	  and	  lignin:	  an	  overview.	  Int.	  Microbiol.,	  5:55-­‐63.	  Pointing,	  S.B.,	  Vrijmoed,	  L.L.P.,	  Jones,	  E.B.G.	  1998.	  A	  qualitative	  assessment	  of	  lignocellulose	  degrading	  enzyme	  activity	  in	  marine	  fungi.	  Bot.	  Mar.	  41:293-­‐298.	  Pointing,	  S.B.	  1999.	  Qualitative	  methods	  for	  the	  determination	  of	  lignocellulolytic	  enzyme	  production	  by	  tropical	  fungi.	  Fungal	  Diversity	  2:	  17-­‐33.	  Raghukumar,	  C.,	  Raghukumar,	  S.,	  Chinnaraj,	  A.,.	  Chandramohan,	  D.,	  D’Souza	  T.M.,	  Reddy,	  C.A.	  1994.	  Laccase	  and	  other	  lignocellulose	  modifying	  enzymes	  of	  marine	  fungi	  isolated	  from	  the	  coast	  of	  India.	  Bot.	  Mar.	  37:515-­‐523.	  Raheem,	  A.A.,	  Shearer,	  C.A.	  2002.	  Extracellular	  enzyme	  production	  by	  freshwater	  ascomycetes.	  Fungal	  
Diversity	  11:	  1-­‐19.	  Rajala,	  T.,	  Peltoniemi,	  M.,	  Hantula,	  J.,	  Mäkipää,	  R.,	  Pennanen,	  T.	  2011.	  RNA	  reveals	  a	  succession	  of	  active	  fungi	  during	  the	  decay	  of	  Norway	  spruce	  logs.	  Fungal	  Ecol	  4:437-­‐448.	  Schoch,	  C.L.,	  Seifert,	  K.A.,	  Huhndorf,	  S.,	  Robert,	  V.,	  Spouge,	  J.L.,	  Levesque,	  C.A.,	  Chen,	  W.	  2012.	  Nuclear	  ribosomal	  internal	  transcribed	  spacer	  (ITS)	  region	  as	  a	  universal	  DNA	  barcode	  marker	  for	  Fungi.	  
Proceedings	  of	  the	  Nat.	  Academy	  of	  Sciences	  109(16):	  6241-­‐6246.	  Simonis,	  J.L.,	  Raja,	  H.A.,	  Shearer,	  C.A.	  2008.	  Extracellular	  enzymes	  and	  soft	  rot	  decay:	  Are	  ascomycetes	  important	  degraders	  in	  fresh	  water?.	  Fungal	  Diversity.	  Sims,	  P.F.G.,	  Soares-­‐Felipe,	  M.S.,	  Want,	  Q.,	  Gent,	  M.E.,	  Tempelaars,	  C.,	  Broda,	  P.	  1994.	  Differential	  expression	  of	  multiple	  exo-­‐cellobiohydrolase	  I-­‐like	  genes	  in	  the	  lignin-­‐degrading	  fungus	  Phanerochaete	  chrysosporium.	  
Mol.	  Microbiol.,	  12:	  209-­‐216.	  Štursová,	  M.,	  Žifčáková,	  L.,	  Leigh,	  M.B.,	  Burgess,	  R.,	  Baldrian,	  P.	  2011.	  Cellulose	  utilization	  in	  forest	  litter	  and	  soil:	  identification	  of	  bacterial	  and	  fungal	  decomposers.	  Microbiol.	  Ecol.	  80:735-­‐746.	  Tank,	  J.L.,	  Rosi-­‐Marshall,	  E.J.,	  Griffiths,	  N.A.	  2010.	  A	  review	  of	  allochthonous	  organic	  matter	  dynamics	  and	  metabolism	  in	  streams.	  J.	  of	  N.	  American	  Benthological	  Society.	  29:118-­‐146.	  Tiwari,	  P.,	  Misra,	  B.N.,	  Sangwan.	  N.S.	  2013.	  β-­‐glucosidases	  from	  the	  fungus	  trichoderma:	  an	  efficient	  cellulose	  machinery	  in	  biotechnological	  applications.	  Biomed.	  Res.	  Int.	  	  Tolkkinen,	  M.,	  Mykrä,	  H.,	  Markkola,	  A.M.,	  Aisala,	  H.,Vuori,	  K.M.,	  Lumme,	  J.,	  Pirttilä,	  A.M.,	  Muotka,	  T.	  2013	  Decomposer	  communities	  in	  human-­‐impacted	  streams:	  species	  dominance	  rather	  than	  richness	  affects	  leaf	  decomposition.	  J.	  of	  App.	  Ecol.	  Vallim,	  M.A.,	  Janse,	  B.J.H,	  Gaskell,	  J.J.,	  Pizzirani-­‐Kleiner,	  A.A.,	  Cullen,	  D.	  1998.	  Phanerochaete	  chrysosporium	  cellobiohydrolase	  and	  cellobiose	  dehydrogenase	  transcripts	  in	  wood.	  Appl.	  Environ.	  Microbiol.,	  64:	  1924-­‐1928.	  Van	  de	  Brink,	  J.,	  de	  Vries,	  R.P.	  2011.	  Fungal	  enzyme	  sets	  for	  plant	  polysaccharide	  degradation.	  Appl.	  Microbiol.	  Biotechnol	  91:1477-­‐1492.	  Weber,	  C.F.,	  Balasch,	  M.M.,	  Gossage,	  Z.,	  Porras-­‐Alfaro,	  A.,	  Kuske,	  C.R.	  2012.	  Soil	  fungal	  cellobiohydrolase	  I	  gene	  (cbhI)	  composition	  and	  expression	  in	  a	  loblolly	  pine	  plantation	  under	  conditions	  of	  elevated	  atmospheric	  CO2	  and	  nitrogen	  fertilization.	  Appl.	  Environ.	  Microbiol	  78(11):3950-­‐3957.	  
Wolfe,	  B.E.,	  Tulloss,	  R.E.,	  Pringle,	  A.	  2012.	  The	  irreversible	  loss	  of	  decomposition	  pathway	  marks	  the	  single	  origin	  of	  an	  ectomycorrhizal	  sympiosis.	  PLos	  ONE	  7(7):	  e39597.	  Young,	  R.G.,	  Matthaei,	  C.D.,	  Townsen,	  C.R.	  2008.	  Organic	  matter	  breakdown	  and	  ecosystem	  metabolism:	  functional	  indicators	  for	  assessing	  river	  ecosystem	  health.	  J.	  of	  N.	  American	  Benthological	  Society	  27:607-­‐625.	  Zare-­‐Maivan,	  H.,	  Shearer,	  C.A.	  1988.	  Extracellular	  enzyme	  production	  and	  cell	  wall	  degradation	  by	  freshwater	  lignicolous	  fungi.	  Mycologia	  80:	  365-­‐375.	  	  	  	  	  	  	  	  
